Background The standard for reading cervical cytology is for a cytoscreener to manually search across an entire slide for abnormal cells using a conventional microscope. Automated technology can select fi elds of view to assess abnormal cells, which allows targeted reading by cytoscreeners. In the Manual Assessment Versus Automated Reading In Cytology (MAVARIC) trial, we compared the accuracy of these techniques for the detection of underlying disease.
Introduction
Since the introduction of cervical cytology, cervical screening has relied on cytoscreeners to manually scan entire slides, on which exfoliated cervical cells are fi xed and stained, with conventional microscopy. Identifi cation of an abnormality prompts either immediate referral to colposcopy for identifi cation of high-grade changes or repeat cytology for low-grade changes. Triage with human papillomavirus (HPV) testing [1] [2] [3] is being increasingly used instead of repeat cytology. Traditionally, exfoliated cells were spread onto the slide before fi xation, but liquid-based cytology, 4, 5 which can achieve cleaner preparations and provide a medium for refl ex HPV testing, has become more common, and since 2003 has been rolled out across the UK's national cervical screening programmes. Because of its added sensitivity, HPV testing as a primary screen is being considered in several countries. [6] [7] [8] During the past 20 years, technology has been developed that automates the process of reading cytology by identifying abnormal cells and presenting a restricted number of fi elds of view to the cytoscreener on a computer screen. This technology has the potential to reduce screening errors and increase productivity by reducing the time needed to read slides. Two commercially available automated screening systems are available that have been approved for primary cervical screening by the US Food and Drug Administration (FDA)-the BD FocalPoint GS Imaging System (BD Diagnostics, Franklin Lakes, NJ, USA) and the ThinPrep Imaging System (Hologic, Bedford, MA, USA). The FocalPoint system uses SurePath liquid-based cytology and the ThinPrep imager uses ThinPrep liquid-based cytology. FDA approval has been based on such automated systems being capable of detecting an equivalent or higher proportion of high-grade cytological abnormalities than does manual reading. 9, 10 Findings from a systematic review of the eff ectiveness of automated and semi-automated cervical screening devices 11 showed that the evidence base was not strong enough for reliable conclusions to be made; it recommended further trials with robust reference standards. Several studies have had methodological weaknesses, including outdated technology, use of split samples to produce two slides, use of cytological outcomes as opposed to histopathological outcomes, and retrospective readings of the same slide set.
Since the launch of the Manual Assessment Versus Automated Reading In Cytology (MAVARIC) study, a systematic review by the UK Health Technology Assessment programme 12 also concluded that previous studies had not been of suffi cient quality to allow reliable recommendations. The MAVARIC trial was designed to achieve a rigorous, prospective, unbiased comparison of manual and automation-assisted reading that had been powered to show non-inferiority in terms of sensitivity to detect cervical intraepithelial neoplasia grade 2 or worse (CIN2+), which worldwide represents the threshold for proceeding to treatment. Other objectives were to compare specifi city of automation-assisted screening with manual screening, to incorporate both automated systems, and to assess the reliability of slides defi ned by the FocalPoint system as needing no further review for exclusion of CIN2+. A robust economic analysis to determine cost-eff ectiveness has also been done and will be reported elsewhere.
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Methods
Participants
This randomised controlled trial was designed to incorporate procedures used in routine national cervical screening practice in the UK to study detection of highgrade disease in liquid-based cyotology samples. Between March 1, 2006, and Feb 28, 2009 , 174 general practices and community clinics in Greater Manchester took part in the study. Coverage by the screening programme in Manchester is similar to that for England as a whole (78%). Cervical samples from women aged 25-64 years were obtained during routine primary cervical screening as part of the national screening programme. Samples were randomly allocated to either manual reading alone or automated reading paired with manual reading. In the paired arm, automated reading of ThinPrep samples was done with the ThinPrep Imaging System and SurePath samples with the FocalPoint GS Imaging System. Initially, written informed consent was needed because HPV triage was not standard practice, but during the study HPV triage became UK National Health Service (NHS) Cervical Screening Programme standard protocol in Greater Manchester and signed consent was then not needed. The study received ethical approval from the central Manchester local research ethics committee (04/Q1407/318).
Randomisation and masking
There were two randomisation stages in the study. Cervical samples were initially randomised between the two imaging technologies when obtained at the general practice stage. This initial randomisation was to ensure that the two systems had a similar population of women at similar risk. Randomisation was therefore stratifi ed by primary care trust to take account of variation in Townsend deprivation score 14 and in ethnic minority composition. Sources within each trust were assumed to have close levels of these risk indicators. Community clinic sources were included as a separate stratum. Sources were ordered by decreasing size (number of women anticipated to participate based on previous numbers of samples sent to the laboratory) within each stratum because of variation in population size. A sequence of random digits was used to allocate blocks of four general practice sources to the six possible combinations of the two technologies to ensure that similar populations from each primary care trust were allocated to each technology.
The second stage of randomisation took place between the manual only and paired arms; samples received in the laboratory were individually randomly allocated, with the use of preprepared spreadsheets produced by the Cancer Screening Evaluation Unit (Institute of Cancer Research, Sutton, UK). Each liquid-based cytology system had a separate randomisation spreadsheet with unique numbers to randomise each sample to either manual reading only or manual reading paired with automation-assisted reading. Initially randomisation was 1 to 1, but after a third of the samples had been obtained, at a slower than expected rate of accrual, the ratio was changed to 1 to 3 in favour of the paired arm to accelerate the accrual of samples for paired reading. The objective was to achieve a fi nal ratio of 1 to 2, which would preserve the planned size and power of the paired arm (50 000 samples).
Laboratory routines were developed to ensure that staff were masked to both the study arm and the automated result at the time of manual reading. Slides for automated screening were screened with the review scopes; no marks were made on the slides to show any abnormal cells and results were entered into the randomisation list. The list was removed and passed to the laboratory coordinator before the slides were put back into routine screening by numerical order, thus ensuring the manual screener was masked to the result of the automated read.
Procedures
The same stain was used for both manual reading and automation-assisted reading, so in the case of ThinPrep we therefore needed to do manual reading with the Imager stain. Before the study began, manual reading with the Imager stain passed the northwest regional technical external quality assurance assessment. Both automated systems use similar screening methods, which were followed throughout the trial; the ThinPrep Imaging System presented 22 fi elds of view to the cytoscreeners and the FocalPoint selected ten. Fields of view were selected by the machines as areas of the slide most likely to contain an abnormality. If any abnormalities were detected in these fi elds of view, the slide received a full screen on the review scope, as per the manufacturer's protocol. The FocalPoint system also has the ability to rank slides into quintiles according to the likelihood of the slide containing an abnormality, with quintile one consisting of slides with the most abnormalities. In addition to the production of quintiles the machine can also designate up to 25% of slides in each run as needing no further review (ie, they can be archived without further interpretation). Slides designated as needing no further review during the trial had this result recorded. After automated screening, the list and slides were passed to another screener for rapid review.
Manual screening (in both arms) was done according to routine laboratory protocols, including the practice of marking areas of interest on the slide. In the paired arm, automated reading was undertaken fi rst, followed by the manual read. After an initial read by the cytoscreener, whether automated or manual, a manual rapid review was done for every sample according to standard practice for UK screening programmes. If a slide was positive it was re-read by a skilled practitioner or cytopathologist, which determined either a fi nal manual or automation-assisted result. In the paired arm, management was based on which result was worse in terms of abnormality.
Final reading of each slide was done only once by a doctor if it was abnormal and as a result there are no discrepancies between abnormalities for fi nal readings. Discordant fi nal readings arose from inadequate or negative results paired with an abnormal result. Highgrade cytological abnormality prompted referral to colposcopy, and low-grade abnormalities were triaged by Hybrid Capture 2 high-risk HPV testing (Qiagen, Crawley, UK), with HPV-positive cases referred to colposcopy. Women with negative cytology and those with HPV-negative low-grade abnormalities were returned to routine recall. These low-grade abnormalities included both borderline (atypical squamous cells of undetermined signifi cance) and mild dyskaryosis (lowgrade squamous intraepithelial lesion); even though the mild dyskaryoses have a high prevalence of HPV, a negative triage allows a few women to avoid colposcopy referral. The reference standard was histopathology obtained at colposcopy from either a colposcopically directed punch biopsy or loop excision. When both procedures had been done the most severe grade was used. Abnormalities were examined by specialist gynaecological pathologists who were blinded to the arm of the study.
The trial was designed to study detection of highgrade disease in liquid-based cytology samples. The primary outcome was sensitivity of automation-assisted reading relative to manual reading for the detection of underlying CIN2+. Secondary outcomes were relative specifi city, the same outcomes for cervical intraepithelial 
Statistical analyses
Absolute sensitivity of manual reading or automated reading could not be calculated because the number of cases of CIN2+ in samples negative according to both methods was unknown. However, an estimation of the ratio of the two sensitivities (the missing count cancels out) and an assessment of confi dence intervals and statistical signifi cance was possible. The ratio is the number of samples of CIN2+ that were screen positive with automated screening divided by the number of samples of CIN2+ that tested positive with manual screening. Similarly, relative specifi city was calculated roughly as the ratio of the number of samples of cervical intraepithelial neoplasia of grade 1 or less that were negative on automated reading, to the number that were negative on manual reading, on the assumption that the number of samples of CIN2+ not detected by either screening method is zero.
Sample size was based on a test of non-inferiority of the automated technology in terms of its sensitivity relative to manual reading, using data from the paired observations. Non-inferiority was based on an absolute diff erence of not more than 5%. With 630 CIN2+ lesions in the paired arm and a paired test with a 0·025 onesided signifi cance, there was 80% power to reject the null hypothesis that the sensitivities are not equivalent (ie, 0·05 or further from zero, on the assumption of an estimated upper limit in the proportion of discordant pairs of 20%). With an estimated 3% of the screened population showing CIN2+, 46 000 paired readings would be needed, so an accrual target of 50 000 was set in the paired arm. To achieve these targets, we originally planned to accrue 100 000 samples, 50 000 in the manual only and 50 000 in the paired arm. Because accrual was initially slower than anticipated, the accrual target was reduced after 23 months to 75 000 and the randomisation ratio changed to 1 to 3, which would achieve the 50 000 target in the paired arm and 25 000 in the manual arm. Such targets would maintain the study's power and provide a suffi ciently large manual arm, the main purpose of which was to mask cytoscreeners to the arm in which samples for manual reading belonged. This change
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Inadequate Negative
LG Low-grade abnormalities (borderline or mild abnormalities) include human papillomavirus (HPV) positive, HPV negative, and HPV result not known. At fi nal reading each slide was seen only once by a doctor if it was abnormal and as a result there are no discrepancies between abnormalities. HPV=human papillomavirus.
LG=low-grade abnormalities (borderline or mild abnormalities). was approved by the independent data monitoring and ethics committee and the independent trial steering committee. An absolute diff erence of 5% for the defi nition of non-inferiority would need a relative diff erence of at least 6·5% on the assumption of 79% sensitivity of liquid-based cytology to detect CIN2+. 4 All analyses were done with Stata version 10·1. This study is registered as an International Standard Randomised Controlled Trial, number ISRCTN66377374.
Role of the funding source
The National Institute for Health Research Health Technology Assessment programme reviewed and approved the study design. Data collection, analysis, interpretation, and write-up were done independently by the authors, all of whom had access to the raw data. HCK had full access to all of the data and had fi nal responsibility to submit for publication. Figure 1 shows the trial profi le. 35 812 specimens were assessed with BD SurePath and 37 454 with ThinPrep. 429 samples were excluded, most of which were either vault cytology errors or processing errors. 124 (71%) of 174 randomised general practices provided samples as randomised, 22 provided samples using the alternative technology, and 28 did not contribute at all. Some nonrandomised practices were included to increase the number of samples, and to raise the proportion of highgrade cytology a small proportion of samples were included from colposcopy clinics. Mean age of women in the study was 39 years in the manual and paired arms. Mean Townsend deprivation score was very similar between arms and liquid-based cytology systems-manual arm, SurePath (3·84) and ThinPrep (3·99), and paired arm, SurePath (3·64) and ThinPrep (3·85). Fewer samples were obtained from women aged 45-64 years (21 231; 29·1%) than were obtained from women aged 25-44 years (47 987; 65·7%) because women aged 50-64 years are invited every 5 years for screening, whereas women aged 25-49 years are invited every 3 years. In real life, some women outside these age ranges are screened, and exclusion of these samples was felt to be inappropriate. There were 3619 (5·0%) slides from women outside the screening age range; 3103 from women aged less than 25 years and 606 from women aged 65 years or older.
Results
MAVARIC screening results are representative of those across the national programme (fi gure 2). 15 When results of manual readings from manual and paired arms were compared, they were almost identical in terms of negative rates; 90·04% (manual) and 90·41% (paired). Corresponding rates for borderline or mild dyskaryosis were 6·01% (manual) and 5·47% (paired) and for moderate dyskaryosis or worse, 1·36% (manual) and 1·27% (paired). Comparison of these results before and after the change in randomisation from 1 to 1 to 1 to 3 showed that the proportions of abnormality in all adequate samples in each arm was very similar during each period (8·32% vs 8·31% before change, and 6·71% vs 6·44% after change). The fall in proportions was due to cessation of accrual of samples from colposcopy clinics. There was no evidence that the less than perfect compliance with the randomisation of allocated technology or with the change in randomisation ratio aff ected the study. Table 1 shows the histopathology results, which indicate the similarity between the manual and paired arms for each technology. (2) 21 (13) 4 (0) Numbers in parentheses show data restricted to ages 25-64 years and routine screening samples only. CIN2+=cervical intraepithelial neoplasia grade 2 or worse. CIN3+=cervical intraepithelial neoplasia grade 3 or worse. *Relative sensitivity, based on matched pairs 0·92; 95% CI 0·89-0·95 (0·91; 0·87-0·95). †Relative sensitivity based on matched pairs 0·95; 95% CI 0·91-0·99 (0·94; 0·89-0·99). Age restricted to 25-64 years and routine samples only are included to avoid bias, because there were more colposcopy samples for the SurePath system than the ThinPrep system. CIN2+=cervical intraepithelial neoplasia grade 2 or worse. CIN3+=cervical intraepithelial neoplasia grade 3 or worse. *Relative sensitivity based on matched pairs 0·90 (95% CI 0·85-0·96). †Relative sensitivity based on matched pairs 0·91 (95% CI 0·84-0·99). ‡Relative sensitivity based on matched pairs 0·92 (95% CI 0·87-0·98). §Relative sensitivity based on matched pairs 0·97 (95% CI 0·91-1·03). Our results show that a larger number of patients with CIN2+ lesions would probably be diagnosed with manual reading than with automated reading (table 3). 16 CIN2+ lesions that were negative on automated reading and fi nal manual reading were diagnosed as a result of colposcopy and biopsy for women who might have been in follow-up for previous low-grade cytology, had previous treatment, or were referred for clinical reasons.
Automation-assisted reading was 8% less sensitive relative to manual reading for detection of CIN2+ (relative sensitivity 0·92, 95% CI 0·89-0·95), and 5% less sensitive for detection of CIN3+ (0·95, 0·91-0·99). When routine screening samples from women aged 25-64 years only were included in the analysis, automation-assisted reading was 9% (relative sensitivity 0·91, 95% CI 0·87-0·95) less sensitive relative to manual reading for detection of CIN2+ and 6% less for detection of CIN3+ (0·94, 0·89-0·99). Data for specifi city (table 4) showed a diff erence of only 0·6% in favour of automation-assisted reading for all samples (relative specifi city 1·006, 95% CI 1·005-1·007), and 0·4% for routine screening samples (1·004, 1·003-1·005) for cervical intraepithelial neoplasia grade 1 (CIN1) or less; values for CIN2 or less were 1·007 (1·006-1·008) for all samples and 1·005 (1·004-1·006) for routine screening samples.
On the assumption that absolute sensitivity of manual reading is 79%, 4 then a relative sensitivity of 92% is equivalent to an absolute diff erence of 6·3%. There was no diff erence in sensitivity of each of the two automated systems relative to manual reading (relative sensitivity of BD FocalPoint 0·90, 95% CI 0·85-0·96 for CIN2+ and 0·91, 0·84-0·99 for CIN3+; relative sensitivity of ThinPrep 0·92, 0·87-0·98 for CIN2+ and 0·97, 0·91-1·03 for CIN3+), but the study was not suffi ciently powered to show signifi cant diff erences between the two (table 5) . Table 6 shows results from the BD FocalPoint GS Imaging System for samples allocated to quintiles and for samples designated as needing no further review, in which histopathological and ranking outcomes are correlated. This correlation was possible because the samples classifi ed as needing no further review did not determine management, which was based solely on the read result. As a result, a small number of CIN2+ and CIN3+ samples were classifi ed as needing no further review; corresponding data restricted to routine screening samples for women aged 25-64 years showed even fewer were classifi ed as needing no further review. 4569 (93%) of 4910 samples marked for no further review underwent rapid review. Of 26 samples deemed non-negative by the rapid reviewer, the most severe histological result obtained was CIN1. This result Six slides were not available for review. HPV=human papillomavirus. *One ThinPrep slide in this category could not be reviewed because of bad optical character reading (ie, the machine could not read the slide's barcode and display the corresponding fi elds of view) plus eight BD SurePath slides had been signed out on the machine in error, preventing the reviewers from accessing and reviewing the fi elds of views. †Seven BD SurePath slides could not be reviewed because they had been signed out on the machine, preventing the reviewers from accessing and reviewing the fi elds of views. ‡Total includes three BD SurePath slides that were classifi ed as needing no further review. §Total includes three BD SurePath slides that were classifi ed as needing no further review. suggests that rapid review added nothing clinically signifi cant to a sample classifi ed as needing no further review and would be non-contributory. A sample of discordant paired reads associated with underlying CIN2+ was reviewed. 15 of 61 cases showed no cytological abnormality, suggesting a location error by the automated technology (table 7) . Most cases, however, showed interpretive errors. Few of these showed abnormal cells at the edge of the fi eld of view, and there was a mixture of other abnormal features.
Discussion
The main fi nding of the MAVARIC trial was that sensitivity of automation-assisted reading was inferior to manual reading of cervical cytology (panel). Although the aim of screening is to prevent cancer, we did not believe that a study with this endpoint was feasible within a reasonable timescale. CIN2+ was selected as an outcome measure because it is the internationally accepted histopathological abnormality that warrants treatment, and was viewed as a more meaningful and valid measure than a cytological abnormality, which is an intermediate measure in the diagnostic pathway.
Strengths of this study included the manual-only arm, which indicated that the manual reading in the paired arm was not diff erent to that expected in everyday practice, and the real-life setting and adherence to routine protocol and quality-controlled practice. The procedures we used ensured blinding between paired readings, and although cytoscreeners were aware that an automated reading would be paired with a manual reading we have no reason to believe that their awareness would have aff ected the thoroughness of the read. Our study had suffi cient power to show a predetermined limit of non-inferiority, and the use of HPV triage ensured a high degree of colposcopic verifi cation of underlying disease without risking sample nonattendance for repeat cytology.
A study limitation could be that only one laboratory was used; however, the laboratory's reported rates of cytological abnormality and positive predictive values for CIN2+ for high-grade cytology are very much in the midrange for the English programme. 15 The increased specifi city achieved at the expense of reduced sensitivity was not suffi cient to be clinically useful. In fact, the additional colposcopy triggered by the greater sensitivity of manual reading than that of automation-assisted reading carried a positive predictive value of 19%, which was very much in line with that recorded for HPV-triaged borderline or mild abnormalities. 2 Most discrepant cytological abnormalities associated with underlying CIN2+ were HPV-positive borderline or mild abnormalities (77 [68%] of 114), and arose because the rate of borderline or mild abnormality was lower (2039; 4·2%) for automation-assisted reading than for manual reading (2641; 5·5%). Notably, 317 discrepant samples had HPV-positive borderline or mild abnormalities on manual reading and were negative on automated reading; 47 (15%) had underlying CIN2+. This result shows that discrepant samples did not have less signifi cant abnormalities than those identifi ed within non-discrepant readings of low-grade abnormalities.
Samples of discordant pairs associated with underlying CIN2+ were reviewed. 15 (25%) cases had no abnormality seen on negative automated readings. This fi nding suggests that auto-location guided errors restricted the detection of abnormal cells to manual readings. In remaining cases, however, there were additional reasons for abnormal cells seen on review of negative automated readings, including that a substantial proportion of abnormal cells were at the periphery of the fi elds of view; which has also been reported by Halford and colleagues. 16 Monotony was also reported by staff 13 and could have been a contributing factor in reduced vigilance. Discrepant results associated with CIN2+ occurred throughout the study, indicating that discrepancies were not caused by improvements in staff skill over time. Productivity gains in terms of increased throughput of slides reported in other studies, and in the MAVARIC study, 13 do not compensate for the magnitude of reduced sensitivity that we report.
Classifi cation of samples as needing no further review by the BD FocalPoint system proved to be reliable in terms of negative predictive value, missing only 1% of CIN2+ lesions associated with routine screening samples. This system could be a valuable adjunct in primary screening because the module does not need the expensive workstations necessary for reading fi elds of view, and could reduce the number of slides requiring manual reading by 20%. Some consideration would have to be given to the need for rapid review of such cases, but rapid review is unlikely to be fruitful.
When the automated systems were individually compared with manual reading for routine screening samples there was no obvious diff erence in relative Panel: Research in context Systematic review Two systematic reviews of automated screening 11, 12 have both concluded that reliable conclusions could not be drawn because previous studies had not been of suffi cient quality, and recommended studies with a robust reference standard and greater methodological strength. Studies of automated technologies have not addressed these issues. In our study we used liquid-based cytology and used a histological reference standard with automated readings paired with subsequent manual readings, one being independent of the other.
Interpretation
Our study provides a reliable estimate of the performance of automated reading of cervical cytology relative to manual reading. The fi nding that automated reading is less sensitive than manual reading in the detection of cervical intraepithelial neoplasia grade 2 or worse and grade 3 or worse means that we cannot recommend the adoption of automation-assisted cervical cytology in well organised screening programmes currently based on manual reading. sensitivity, although the study was underpowered for a direct head-to-head comparison. This fi nding suggests that reduced sensitivity is a function of the reading of fi elds of view and that the systems have similar levels of accuracy in displaying abnormal cells to the reader.
Several studies of automation-assisted reading have been published while the MAVARIC study was underway. A Finnish trial 17 compared outcomes for over half a million women randomised between manual reading and automation-assisted reading. A now obsolete PapNet system was used, with technical and logistics reasons preventing random allocation in 16% of cases. A slightly increased proportion of abnormal cytology was reported in the automated arm, but no increase was reported in detection rates of CIN2, CIN3, or cancer.
